To improve mechanical characteristics of friction stir welded joint made of AA6061-T6, AA2024 was used as a filler material due to its high strength and compatibility with AA6061 aluminium alloy. Different filler strip thickness (1, 1.5, and 2 mm) were investigated. Homogenous plastic deformation of the mixture with soft and refined grains was observed in the stir zone due to dynamic recrystallization of the grains. Friction stir welded joints with filler strip showed high hardness and tensile strength compared with filler-free joints. Welded joint with 1 mm filler strip has the highest tensile strength among other joints due to the dynamic recrystallization of the refined grains as a result of heat concentration. In addition, using greater thickness of filler strips makes the joining process more difficult, causes joint defects and reduces the tensile strength of welded joints.
Introduction
Friction stir welding (FSW) was developed in Cambridge by TWI, UK in 1991 [1] . As a solid-state welding method, It has several advantages over traditional fusion welding techniques, such as high joint strength, lack of cracks, less distortion, clean and save power [2] [3] [4] . FSW is widely applied for various alloys in comparison with traditional welding techniques. FSW can be used for similar or dissimilar materials like aluminium alloys, titanium and copper alloys. As well as, a lot of application use FSW technique via various types of FSW machines like horizontal, vertical and longitudinal in the industrial range such as the floor panel of recent ships or train [5] . Nowadays, FSW has many worldwide applications, for example, fabrication of aluminium components, manufacturing of airframe structures for commercial and military aircraft, recent automotive manufacturing and space shuttle external tanks. The main idea of FSW is very simple, a revolving tool of non-consumable material has three main functions, heating of the workpiece, material stirring to produce the joint, and ICMAE 2019 IOP Conf. Series: Materials Science and Engineering 751 (2020) 012088 IOP Publishing doi:10.1088/1757-899X/751/1/012088 2 restraint of the soft metal under the shoulder of the tool and causes plastic deformation in the metal which leads to solid-state joining in the surrounding area [6] . The strength of FSW joints depends on many parameters such as tool rotation, traverse speed, tool tilt angle, plunge depth and flow of material. The flow of material through FSW has important role which controls the formation of joints without defects and the microstructural characteristics during the weld, therefore. Joining of dissimilar materials is difficult when compared to joining similar materials, due to the difference in chemical composition and mechanical characteristics of the base materials [7] [8] [9] . Lap joints which consisted of AA6061-AA 5052 alloys and AA6061 alloy above it, had high Mechanical strength [10] due to the change of joint strength using different thicknesses of plates. For dissimilar lap joining of AA2024 and AA7075 aluminium alloys, increasing in hook size was observed when the AA7075 alloy was located above the joint [11] . Enhanced mechanical properties are achieved when a stronger material is involved in the advancing (AS) side and softer material in the retreating side (RS) [12] [13] [14] . AA6061 and 2024 aluminium alloys were selected in this study because they are used in many fields such as aerospace, marine manufacturing and storage tanks [15] . Much effort has been made to improve the mechanical properties of FSW joints by computational [16, 17] and practical methods [18] [19] [20] .
Herein, the microstructural and mechanical properties of friction stir welded AA6061-T6 aluminium alloy joint have been improved where strips of AA2024 with different thickness were added vertically in between the base metal of the joints. AA2024 strips were used as a filler material which has high strength and good compatibility with AA6061. Traditional FSW tool was used, mechanical and microstructural characteristics of all joints were investigated. The main objective of this work is to increase the strength of AA6061 aluminium alloy joints using high strength material such as AA2024 by FSW process.
Materials and Methods
In the present investigation, AA6061-T6 aluminium alloy was used as a base metal and the AA2024 aluminium alloy was used as a filler metal. The chemical compositions of AA6061-T6 and AA2024 aluminium alloys were presented in Table 1 . Two plates (120 ×50×8 ) mm were prepared for the formation of a butt joint, while three AA2024 filler strips with the same length and different thickness (1, 1.5, 2) mm were inserted vertically between the base metal plates, as well as AA6061-T6 joint was welded without filler strip for comparison purpose. FSW was carried out using computer numerical control (CNC) milling machine. FSW was performed using H13 steel tool with 20 mm shoulder diameter and a cylindrical threaded pin with 6 mm diameter and 3 mm length. AA6061/AA2024/AA6061 butt joints were welded using tool rotational speed of 2000 rpm, welding speed of 25 mm/min, and zero title angle. welding was performed perpendicular to rolling direction. A schematic illustration of the FSW technique with filler strip was shown in Figure 1 . Figure 2 shows a micrograph of the microstructure of AA6061 base alloy. The microstructure consists of coarser elongated α-Al grains in which the grains are oriented along the rolling direction, and black spots attributed to over etching during microscope investigation. Figure 3 shows typical micrographs of the microstructure at the center of the SZs developed using a different AA2024 strip thicknesses. SZs exhibited finer grains compared to the base alloy. This may be due to the concentration of heat that causes excessive fine grains in equiaxed shape in the SZ, where higher plastic deformation of the material occurs in this region due to dynamic recrystallization [21] . Highly refined grains may enhance the strength of the welded joint [22] . The results revealed that when using a strip with thickness of 1 mm or 1.5 mm, SZs show a lower average grain size when compared to SZs developed without a filler strip, while SZ developed using 2 mm strip shows the largest average grain size. Consequently, it is evidence of a direct relationship between grain size and strip thickness, as the heat generated from the tool shoulder is insufficient to soften and refine the filler material grains. 
Results and discussion

Microstructural Investigations
Mechanical Characteristics
3.2.1
Hardness of welded joints. The Hardness of welded regions developed using AA2024 filler strips is higher than that developed without filler strip. The peak hardness of SZ at the joint without filler strip was about 49 VH. The SZ developed using 1 mm strip showed higher peak hardness, compared to that developed using 2mm and 1.5mm strips. The peak hardness of welded regions developed using 1, 1.5, and 2mm filler strip were 106, 94 and 101 VH, respectively, as shown in Figure 4 (a). Thus, a proportional relation between hardness and strip thickness was observed. The increased hardness of welded regions developed using AA2024 filler strips may be attributed to higher hardness of AA2024 alloy which contains Cu particles as well as interference between AA6061 and AA2024 grains with homogenous distribution which increases hardness of the joints [23] .
Tensile Characteristics.
Tensile test was performed for FS AA6061 specimens with and without AA2024 filler strips, and it was observed that all tensile failures occurred outside the SZ, which was attributed to the fact that the SZ strength was higher than other zones, moreover, specimens with 1 mm AA2024 filler strip has the highest tensile strength. A gradual decreasing in the tensile strength was detected for specimens with 1.5 and 2 mm filler strip, respectively, while a joint without filler strip has less tensile strength compared to other joints, as shown in Figure 4 (b). Small thickness of the filler strip resulted in sufficient contact surface of the revolving pin between the workpiece and the filler strip, making an adequate blend and improved plastic flow. Results show that maximum ultimate tensile strength (UTS) value for the joint with 1 mm strip is 215 MPa, while the UTS for the as received base metal is 175 MPa, this may be attributed to deep dimples that enhance ductility and strength. 
Conclusions
In order to improve the mechanical characteristics of AA6061-T6 joint, AA2024 strips were used as a filler material between the joint plates with a suitable process parameter. The following conclusions can be drawn:  Homogenous plastic deformation of the mixture was observed in the stir zone, soft and refined grains were also detected due to the dynamic recrystallization of the grains as a result of heat concentration, especially for the joint with lower filler strip thickness.  Increasing the thickness of AA2024 filler strip results in joint defects and reduces the tensile strength of welded joints.  FSW joints with filler strip showed high hardness and tensile strength at the SZ compared to joints without AA2024 filler strip.
